1. Introduction {#s0005}
===============

Lung cancer is one of the most lethal cancers worldwide ([@bb0145]). Non-small cell lung cancer (NSCLC) is the major type of lung cancer and the overall 5-year survival rate is \< 10% ([@bb0100]). In NSCLC, mutations are frequently observed in the epidermal growth factor receptor (EGFR), including an in-frame deletion in exon 19 and the L858R point mutation in exon 21 ([@bb0095]). These mutations comprise about 90% of all EGFR-activating mutations in NSCLC. Oral EGFR-tyrosine kinase inhibitors (TKIs), such as gefitinib and erlotinib, show dramatic clinical efficacy initially with significantly prolonged progression-free survival in patients harboring these EGFR-activating mutations ([@bb0010]). However, most of these patients will eventually develop acquired resistance. Different mechanisms have been identified to contribute to the acquired resistance ([@bb0120]). Among them, the development of a secondary T790 M mutation in exon 20 of the *Egfr* gene and mesenchymal-epithelial transition factor (*Met*) amplification are the two main mechanisms, which account for 50% and 20% of acquired resistance, respectively ([@bb0035], [@bb0060]). Based on this heterogeneity of mechanisms, single-agent treatment strategies to successfully overcome acquired resistance have severe limitations.

In recent years, researchers have identified genomic instability as one of the hallmarks of cancers ([@bb0045]). Genomic instability usually involves a transient phase of polyploidization, in particular, tetraploidization ([@bb0170]). In response to DNA damage or cellular stress, cells can undergo cell cycle checkpoints to delay cell cycle progression and allow time for cell repair. G1/S and G2/M are two main cell cycle checkpoints that have been identified. Prolonged G2-arrest can induce G1-state tetraploidization by allowing cells to enter S-phase by *endo*-reduplication ([@bb0090]). This p53-induced tetraploidy provides a survival mechanism by preventing 4 N cells to undergo mitosis prematurely ([@bb0140]). Most importantly, these tetraploid cells can undergo asymmetric cell division or chromosome loss, leading to tumor heterogeneity ([@bb0180], [@bb0200]). Tetraploid cells have been identified in 37% of early stage cancers and have been demonstrated to promote uncontrolled cancer cell growth ([@bb0195]). Moreover, accumulating evidence shows that tetraploid cells are associated with multidrug resistance and lead to poor prognosis ([@bb0005], [@bb0080]). Therefore, identification of the signaling pathways that are involved in tetraploidization is crucial in overcoming drug resistance.

The p38 MAPK belongs to the mitogen activated protein kinase (MAPK) superfamily and is a major cellular signal transducer of extracellular stress ([@bb0040], [@bb0115]). The p38 MAPK is activated by phosphorylation of the Thr-Gly-Tyr dual phosphorylation motif at residues Thr180 and Tyr182 ([@bb0030]). The p38 MAPK family consists of four members: p38α, p38β, p38γ and p38δ ([@bb0055]). Among the four isoforms, the p38α MAPK isoform is the best characterized. The role of the p38 MAPK pathway in regulating cell cycle checkpoints, cell differentiation and cell survival is well-established ([@bb0160]). Both cell cycle checkpoints, G1/S and G2/M, have been reported to be associated with p38 MAPK ([@bb0015], [@bb0075]). However, the role of p38 MAPK in tetraploidization remains largely unknown.

Several p38 MAPK inhibitors are under development and are being evaluated in various phases of clinical trials ([@bb0070], [@bb0165]). However, most of these inhibitors have failed because of unacceptable side effects. Losmapimod is the only p38 MAPK inhibitor that has progressed through Phase III clinical trials and has been shown to be well-tolerated in human clinical studies ([@bb0110]). In the current study, we determined whether inhibition of p38 MAPK could overcome gefitinib resistance by using the prototypical p38 MAPK inhibitor, SB203580, or losmapimod. We found that gefitinib could induce tetraploidization by activating YAP-MKK3/6-p38 MAPK-STAT3 signaling in gefitinib-resistant cells. We further used losmapimod to examine whether the ablation of p38 MAPK activation could inhibit tetraploidization and overcome gefitinib-resistance. Our data indicate that ablation of p38 MAPK signaling could eliminate tetraploidy formation induced by gefitinib and significantly inhibit cell proliferation and anchorage-independent cell growth. Knockdown of p38 MAPK also showed substantial inhibition of cancer cell growth. Finally, we found that losmapimod could successfully overcome gefitinib resistance *in vivo* in an in-house established PDX mouse model. Overall, these findings demonstrate that losmapimod could be a potential clinical agent to overcome gefitinib resistance in NSCLC.

2. Materials and Methods {#s0010}
========================

2.1. Chemicals and Reagents {#s0015}
---------------------------

All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless stated otherwise. SB203580 was purchased from Selleck Chemicals (Houston, TX) and losmapimod was from Medchemexpress (Princeton, NJ). Gefitinib was obtained from LC Laboratory (Woburn, MA). All the above reagents were dissolved in dimethyl sulfoxide (DMSO), stored at -80 °C, and diluted in culture medium for experiments. Rosewell Park Memorial Institute Medium (RPMI)-1640, DMEM, gentamicin, antibacterial-antimycotic solution, trypsin-EDTA and Opti-MEM were all from Life Technologies, Inc. (Grand Island, NY). Fetal bovine serum (FBS) was obtained from Biological Industries (Beit-Haemek, Israel). The primary antibody against Ki-67 (Thermo Fisher Scientific Cat\# PA5-19462, RRID:[AB_10981523](nif-antibody:AB_10981523){#ir0005}) was purchased from ThermoScientific (Fremont, CA) and the secondary antibody against rabbit (Santa Cruz Biotechnology Cat\# sc-2004, RRID:[AB_631746](nif-antibody:AB_631746){#ir0010}) and mouse (Santa Cruz Biotechnology Cat\# sc-2005, RRID:[AB_631736](nif-antibody:AB_631736){#ir0015}) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). All other antibodies, including phospho-p38 MAPK (Cell Signaling Technology Cat\# 9211, RRID:[AB_331641](nif-antibody:AB_331641){#ir0020}), p38 MAPK (Cell Signaling Technology Cat\# 9212, RRID:[AB_330713](nif-antibody:AB_330713){#ir0025}), p38α MAPK (Cell Signaling Technology Cat\# 9218S, RRID:[AB_10694846](nif-antibody:AB_10694846){#ir0030}), p21 (Cell Signaling Technology Cat\# 2947S, RRID:[AB_823586](nif-antibody:AB_823586){#ir0035}), cyclin D1 (Cell Signaling Technology Cat\# 2922, RRID:[AB_2228523](nif-antibody:AB_2228523){#ir0040}), p-MKK3 (Ser189)/MKK6 (Ser207) (Cell Signaling Technology Cat\# 9236S, RRID:[AB_491009](nif-antibody:AB_491009){#ir0045}), MKK3 (Cell Signaling Technology Cat\# 8535S, RRID:[AB_1122023](nif-antibody:AB_1122023){#ir0050}), MKK6 (Cell Signaling Technology Cat\# 8550S, RRID:[AB_1122022](nif-antibody:AB_1122022){#ir0055}), p-Stat3 (Tyr705) (Cell Signaling Technology Cat\# 9145, RRID:[AB_2491009](nif-antibody:AB_2491009){#ir0060}), Stat3 (Cell Signaling Technology Cat\# 9139, RRID:[AB_331757](nif-antibody:AB_331757){#ir0065}), p-YAP (Ser109) (Cell Signaling Technology Cat\# 46931), p-YAP (Ser127) (Cell Signaling Technology Cat\# 13008, RRID:[AB_2650553](nif-antibody:AB_2650553){#ir0070}), YAP (Cell Signaling Technology Cat\# 14074, RRID:[AB_2650491](nif-antibody:AB_2650491){#ir0075}) and GAPDH (Cell Signaling Technology Cat\# 2118, RRID:[AB_561053](nif-antibody:AB_561053){#ir0080}) were purchased from Cell Signaling Technology (Danvers, MA).

2.2. Tissue Specimens {#s0020}
---------------------

A total of 25 primary lung adenocarcinoma tissues and matched non-tumorous adjacent specimens were collected from 25 patients who underwent surgical resection at the Henan Cancer Hospital (Henan, China). The histomorphology and molecular characteristics of all the samples were analyzed and tested by the Department of Pathology at Henan Cancer Hospital. Written informed consent from each patient and institutional review board approval were obtained for the current study.

2.3. Immunohistochemistry (IHC) Staining {#s0025}
----------------------------------------

Tissue specimens were fixed in 10% (v/v) formaldehyde in phosphate-buffered saline, embedded in paraffin and cut into 5 μm sections. The sections were deparaffinized in xylene solution and rehydrated using gradient ethanol concentrations. Antigen retrieval was performed using sodium citrate and the slides were then incubated with H~2~O~2~ to block endogenous peroxidases. Thereafter, primary antibodies: Ki-67 (1:100), phosphorylated (p)-p38 (1:75), and cyclin D1 (1:75) were incubated at 4 °C overnight and the signals were visualized by the indirect avidin biotin-enhanced horseradish peroxidase method according to the manufacturer\'s instructions (Vector Laboratories, Burlingame, CA). After developing, all sections were observed by microscope (400 ×) and quantitative analysis was performed using the Image-Pro Premier software (v.9.0) program.

2.4. Cell Culture {#s0030}
-----------------

HCC827 (ATCC Cat\# CRL-2868, RRID:CVCL_2063) and H1975 (ATCC Cat\# CRL-5908, RRID:CVCL_5908) human lung adenocarcinoma cell lines and the HEK293T (ATCC Cat\# CRL-3216, RRID:CVCL_0063) human embryonic kidney cell line were purchased from American Type Culture Collection (ATCC; Manassas, VA). HCC827GR (RRID:CVCL_V620) cells were kindly provided by Professor Pasi A. Jane from Dana-Farber Cancer Institute (Boston, MA). All cells were cytogenetically tested and authenticated before freezing. All cell culture conditions were performed following ATCC\'s instructions. All lung adenocarcinoma cells were cultured in RPMI-1640, whereas HEK293T cells were cultured in DMEM, supplemented with 10% (v/v) FBS, 2 mM glutamine, 100 units/mL penicillin, and 100 mg/mL streptomycin. Cells were maintained at 37 °C in a humidified atmosphere with 5% CO~2~. Each vial of frozen cells was thawed and maintained in culture for 10 to 20 passages.

2.5. Flow Cytometry for Cell Cycle Analysis {#s0035}
-------------------------------------------

Cells were plated at a density of 3 × 10^5^ cells/dish in 60-mm dishes overnight. The cells were then treated with vehicle, gefitinib, or a combination of gefitinib and a p38 MAPK inhibitor (either SB203580 or losmapimod) for another 24 h. Cells were trypsinized, washed twice with cold PBS and then fixed with 70% ethanol overnight at -20 °C. The cells were stained with propidium Iodide and analyzed with the FACSCalibur flow cytometer (BD Bioscience, San Jose, CA). The data were then analyzed by CellQuest and Modfit LT V4.0 software (Verity Software House, Topsham, ME).

2.6. Western Blot Analysis {#s0040}
--------------------------

Cells were washed with ice-cold PBS twice and disrupted with lysis buffer (20 mM Tris-HCl, pH 7.5, 2 mM EDTA, 100 mM NaCl, 5 mM MgCl~2~, 1% (v/v) Triton X-100, 5 mM NaF, 10% (v/v) glycerol, 0.5 (v/v) 2-mercaptoethanol, 0.1 mM Na~3~VO~4~ and protease inhibitors). Cell lysates were centrifuged at 12000 ×* g* for 5 min at 4 °C and supernatant fractions were collected. Protein extracts (30 to 50 μg) were separated by SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA) in 20 mM Tris-HCl (pH 8.0), containing 150 mM glycine and 20% (v/v) methanol. Membranes were blocked with 5% non-fat milk in TBS containing 0.05% Tween-20 (TBS-T) and incubated with antibodies against p-p38, p38, p38α, p21, cyclin D1 and GAPDH at 4 °C overnight. Blots were washed 3 times in TBS-T buffer, followed by incubation with an appropriate HRP-conjugated secondary antibody for 1 h at room temperature for hybridization. The blots were visualized using the enhanced chemiluminescence (ECL) reagent (Millipore, Billerica, MA).

2.7. Cell Viability Assay {#s0045}
-------------------------

Cytotoxicity of losmapimod and/or gefitinib was evaluated by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays. Briefly, cells (3 × 10^3^ cells/well) were plated in 96-well plates overnight for attachment. The cells were then treated with vehicle, gefitinib, a p38 MAPK inhibitor (either SB203580 or losmapimod), or a combination of gefitinib and p38 MAPK inhibitor for 72 h and MTT (0.3 mg/mL) was added to the media for 1 h at 37 °C. The reaction was terminated by the addition of 100 μL DMSO. The optical density of the MTT formazan formation was read at 490 nm on a microplate reader. Absorbance values were normalized as a percentage of untreated cells (set at 100%).

2.8. Anchorage-Independent Cell Growth Assay {#s0050}
--------------------------------------------

Cells (8 × 10^3^) were suspended in 1 mL RPMI-1640/10% FBS/0.33% agar with vehicle, gefitinib, a p38 MAPK inhibitor (either SB203580 or losmapimod), or a combination of gefitinib and p38 MAPK inhibitor and plated on 3 mL solidified RPMI-1640/10% FBS/0.5% agar with the same concentration of vehicle, SB203580, losmapimod and/or gefitinib in each well of 6-well plates in triplicates and cultured for 3 weeks. Images from 5 independent fields of each well were captured by a microscope using Images-Pro Plus software. Colony numbers \> 200 pixels were quantified by Image J software.

2.9. Generation of MAPK14 shRNA Stable Cell Lines {#s0055}
-------------------------------------------------

The pLKO.1 (lentiviral backbone) was a gift from Bob Weinberg ([@bb0150]). The psPAX2 (a packaging vector) and pMD2.G (an envelope vector) were gifts from Didier Trono (Addgene plasmid \#12259 and \#12260). The shRNA sequence of MAPK14 (5′-CTCAGAGTCTGCAAGAAACTA-3′) was cloned into the pLKO.1 backbone at the *Age*I and *Eco*RI restriction sites. The expressing vectors were confirmed by direct DNA sequencing (Genewiz Inc., Beijing, China). The lentiviral vector containing MAPK14-shRNA, packaging vector (psPAX2) and envelope vector (pMD2.G) were triple-transfected into HEK293T cells using Lipofectamine 2000 (Invitrogen; Carlsbad, CA) and virus-containing supernatant fractions were harvested at 24 and 48 h. The pooled supernatant fractions were then filtered with a 0.45 μm PVDF filter and frozen at − 80 °C for later use. The p.LKO.1 empty backbone served as a control. Gefitinib-resistant cells, both HCC827GR and H1975, were infected with lentivirus and polybrene (8 μg/mL; Millipore, Billerica, MA) for 16 h and, subsequently, 2.5 mg/mL puromycin was used to select the stably-transduced cells.

2.10. The *in vivo* Gefitinib-Resistant NSCLC PDX Model {#s0060}
-------------------------------------------------------

This study was performed according to guidelines approved by the Zhengzhou University Institutional Animal Care and Use Committee. Previously, an *in vivo* gefitinib-resistant NSCLC PDX model was generated in-house ([@bb0205]). The gefitinib-resistant tumor fragments were passaged to 40 mice for an *in vivo* study. Mice were divided into four groups (n = 10 mice per group). The four groups were: 1) vehicle control; 2) 50 mg/kg gefitinib; 3) 12 mg/kg losmapimod; and 4) 50 mg/kg gefitinib and 12 mg/kg losmapimod ([@bb0190]). Once the tumor volumes reached approximately 25 mm^3^, mice were treated by oral gavage with vehicle control (dimethyl sulfoxide 5%, normal saline 50% and PEG400 50%), gefitinib and/or losmapimod. Body weights and tumor measurements were performed twice a week and tumor volume was calculated based on the formula: length × width^2^ × 0.5. At the end of the experiment, mice were sacrificed prior to removal of the tumors for further analysis.

2.11. Statistical Analysis {#s0065}
--------------------------

Each experiment was performed 3 times independently. All quantitative data are expressed as mean values ± standard error of the mean (SEM) and significance between groups was determined by one-way ANOVA unless otherwise indicated. (\**p*-value \< 0.05, \*\**p*-value \< 0.01 and \*\*\**p*-value \< 0.001).

3. Results {#s0070}
==========

3.1. Phosphorylation of p38 MAPK is Elevated in Gefitinib-Resistant NSCLC Tissues {#s0075}
---------------------------------------------------------------------------------

The p38 MAPK was reported to be a stress-activated kinase and is crucial in cell cycle regulation. Therefore, p38 MAPK is considered to be a potential candidate in tetraploidization. We first examined p38 MAPK and phosphorylated (p)-p38 MAPK expression in 25 paired NSCLC specimens. Both p38 and p-p38 MAPK expression were elevated in NSCLC tissues compared with non-tumor adjacent tissues ([Fig. 1](#f0005){ref-type="fig"}A, B). Next, we analyzed 18 NSCLC tissues harboring a different EGFR mutation status, including wild type, L858R and T790 M point mutation. Results revealed no significant difference in p38 MAPK expression among all specimens ([Fig. 1](#f0005){ref-type="fig"}C). In addition, EGFR wild type and EGFR L858R tissues showed comparable p-p38 expression levels. However, a high p-p38 expression level was observed in tissues containing the gefitinib-resistant mutation, T790 M ([Fig. 1](#f0005){ref-type="fig"}C, D). These results suggest that p38 MAPK is overexpressed in NSCLC tissues and most importantly, p38 activity is elevated in gefitinib-resistant tissues.Fig. 1High expression of phosphorylated p38 MAPK in gefitinib-resistant NSCLC tissues. (A) p38 MAPK and p-p38 MAPK expression in 25 matched NSCLC and non-tumorous adjacent clinical samples was assessed by immunohistochemistry. The integrated optical density (IOD) was evaluated using the Image-Pro premier software offline (v9.0) program. (B) Representative images of p38 MAPK and p-p38 expressions in clinical tissues described in A. (C) p38 and p-p38 MAPK expression in 18 NSCLC samples with a different EGFR mutation status including wild type, L858R, and T790 M point mutation was accessed by immunohistochemistry. (D) Representative images from immunohistochemistry described in C. Statistical analysis was performed using a two-tailed paired Student\'s *t-*test and significant differences are defined as \**p*-value \< 0.05 and \*\**p*-value \< 0.01.Fig. 1

3.2. Gefitinib Induces Tetraploidization in Gefitinib-Resistant Lung Cancer Cells and is Associated with YAP-Mediated p38 MAPK Activation {#s0080}
-----------------------------------------------------------------------------------------------------------------------------------------

To study the effects of gefitinib on lung adenocarcinoma cells, we analyzed 3 different NSCLC cell lines: HCC827 (gefitinib-sensitive), and HCC827GR and H1975 (gefitinib-resistant). Cells were plated in 96-well plates with various concentrations of gefitinib (0.1--2.5 μM) and incubated for 72 h. As expected, gefitinib inhibited proliferation of HCC827 cells, but not proliferation of HCC827GR and H1975 cells ([Fig. 2](#f0010){ref-type="fig"}A). We then determined whether tetraploid formation could be one of the possible mechanisms causing gefitinib resistance. First, we treated all 3 cell lines with gefitinib for 24 h and then subjected cells to cell cycle analysis using propidium iodide staining. Results revealed that all 3 cell lines did not contain any tetraploidy (data not shown). Interestingly, tetraploidy was significantly induced after 24 h of gefitinib treatment in gefitinib-resistant cells, but not in gefitinib-sensitive cells ([Fig. 2](#f0010){ref-type="fig"}B and C). In order to determine whether p38 MAPK activation is necessary for tetraploidization, we examined phosphorylation of p38 MAPK after gefitinib treatment. We found that the level of p-p38 in gefitinib-resistant cells was dramatically up-regulated after 10 h of gefitinib treatment, whereas no change was observed in gefitinib-sensitive cells ([Fig. 2](#f0010){ref-type="fig"}D). To further determine the signaling molecules of gefitinib-induced p38 MAPK activation, we examined the phosphorylation of YAP, MKK3/6 and STAT3. As shown in [Supplementary Fig. 1](#f0035){ref-type="graphic"}, phosphorylated YAP and MKK3/6 were observed upon gefitinib treatment in 2 h and 6 h, respectively. At later time points (\> 8 h), phosphorylated p38 and STAT3 were also up-regulated. Based on these results, we assumed that tetraploidization induced by YAP-MKK3/6-p38 MAPK-STAT3 signaling might be involved in the survival signaling through which these cells resist gefitinib treatment.

3.3. Inhibition of p38 MAPK Prevents Gefitinib-Induced Tetraploidization {#s0085}
------------------------------------------------------------------------

We observed that gefitinib treatment could induce tetraploidization through p38 MAPK signaling in gefitinib-resistant cells. Thus, to further investigate whether inhibition of p38 MAPK could prevent tetraploidization, both HCC827GR and H1975 cell lines were treated with gefitinib and/or p38 MAPK inhibitors (either losmapimod or SB203580) for 24 h. Results showed that each p38 MAPK inhibitors could eliminate gefitinib-induced tetraploidy ([Fig. 3](#f0015){ref-type="fig"}A) in both resistant cell lines. In addition, Western blot analyses showed that losmapimod could inhibit p38 MAPK phosphorylation induced by gefitinib treatment. However, gefitinib-induced MKK3/6 phosphorylation was further up-regulated by losmapimod and there was no changes of YAP phosphorylation ([Fig. 3](#f0015){ref-type="fig"}B). To further examine the detailed mechanism of gefitinib-induced tetraploidization, we determined p-STAT3, p21 and cyclin D1 expressions after gefitinib and/or losmapimod treatment in gefitinib-resistant cells. Consistent with the results of tetraploidization and p38 MAPK inhibition, Western blotting revealed that phosphorylation of STAT3 and expressions of p21 and cyclin D1 were up-regulated with gefitinib treatment in both resistant cell lines, and that the up-regulations could be inhibited by losmapimod ([Fig. 3](#f0015){ref-type="fig"}C). All these findings suggest that gefitinib-induced tetraploidization requires p38 MAPK signaling and could be targeted by p38 MAPK inhibitors.Fig. 2Gefitinib induces tetraploidization in gefitinib-resistant NSCLC cells by activating p38 MAPK. (A) Viability of gefitinib-sensitive (HCC827) and -resistant NSCLC cells (HCC827GR and H1975) was determined by MTT assay with different concentrations of gefitinib treatment for 72 h. (B) Tetraploid subpopulations in gefitinib-sensitive and -resistant cells treated with gefitinib (1 μM) for 24 h and cell cycle were assessed by PI staining. The percentage of tetraploid subpopulations were analyzed using the ModFit LT V4.0 software program. (C) FACS analysis of propidium iodide-stained H1975 cells, treated with either vehicle or gefitinib for 24 h. Tetraploid subpopulation was analyzed by ModFit LT V4.0 software. (D) Western blot analysis of p-p38 expression in untreated gefitinib-sensitive and -resistant cells or treated with gefitinib (1 μM) for 10 h. Equal loading is confirmed by total p38 MAPK.Fig. 2Fig. 3Losmapimod inhibits gefitinib-induced tetraploidization in gefitinib-resistant NSCLC cells. (A) Cell cycle analysis in untreated gefitinib-resistant NSCLC cells (left, HCC827GR and right, H1975) and in cells treated for 24 h with gefitinib or a p38 MAPK inhibitor (SB203580 or losmapimod) either alone or in combination. Tetraploid subpopulations were analyzed by the ModFit LT V4.0 software program. (B) Western blot analysis of p-YAP, p-MKK3/6 and p-p38 expressions in untreated gefitinib-resistant cells (left, HCC827GR and right, H1975) or cells treated for 2, 6 or 10 h with gefitinib (1 μM) or losmapimod (1 μM) either alone or in combination. Total YAP, MKK3/6 and p38 MAPK proteins were used as loading controls. (C) Western blot analysis of p-STAT3, p21 and cyclin D1 expressions in untreated gefitinib-resistant cells (left, HCC827GR and right, H1975) or cells treated for 10 or 24 h with gefitinib (1 μM) or losmapimod (1 μM) either alone or in combination. Total STAT3 and GAPDH proteins were used as loading controls.Fig. 3

3.4. Losmapimod Successfully Overcomes Gefitinib-Resistance in Lung Cancer Cells {#s0090}
--------------------------------------------------------------------------------

Based on the previous data, we determined whether losmapimod could overcome gefitinib resistance in gefitinib-resistant human lung cancer cells. First, we treated both HCC827GR and H1975 cells with either gefitinib or losmapimod alone and then in combination. Our results revealed that the combined treatment with gefitinib and losmapimod significantly reduced both anchorage-independent cell growth ([Fig. 4](#f0020){ref-type="fig"}A, B) and proliferation ([Fig. 4](#f0020){ref-type="fig"}C) of gefitinib-resistant cells. However, neither gefitinib nor losmapimod alone could inhibit either type of cell proliferation. In order to examine the combination effect of gefitinib and losmapimod, the IC50 value of gefitinib or losmapimod alone treatment in both cells was first determined ([Supplementary Fig. 2](#f0040){ref-type="graphic"} and [Table 1](#ec0005){ref-type="supplementary-material"}) and the combination index was then calculated by using the CompuSyn program. Results showed that co-treatment of gefitinib and losmapimod synergistically inhibited cell proliferation with a combination index of 0.14 for the HCC827GR and 0.22 for the H1975 cell line ([Supplementary Table 2](#ec0010){ref-type="supplementary-material"}). Overall, our data indicates that losmapimod could be a potential drug to overcome gefitinib resistance in NSCLC.

3.5. p38α Knockdown Prevents Tetraploidization and Effectively Inhibits Gefitinib-Resistant Lung Cancer Cells Growth {#s0095}
--------------------------------------------------------------------------------------------------------------------

To test our hypothesis and examine whether p38 MAPK knockdown plays any roles in suppressing cell growth in NSCLC, both HCC827GR and H1975 cells were infected with lentivirus expressing the pLKO.1-mock or pLKO.1-shMAPK14 plasmid. The expression of total p38 MAPK and the p38 MAPKα isoform was then analyzed by Western blotting ([Fig. 5](#f0025){ref-type="fig"}A). Next, to investigate whether p38α knockdown could affect gefitinib-induced tetraploidization, p38α knockdown cells were incubated with gefitinib for 24 h and subjected to cell cycle analysis. Our results revealed that p38α knockdown could prevent gefitinib-induced tetraploidization in both HCC827GR and H1975 cells ([Fig. 5](#f0025){ref-type="fig"}B). Moreover, we found that p38α MAPK knockdown could significantly inhibit both proliferation ([Fig. 5](#f0025){ref-type="fig"}C) and colony formation ([Fig. 5](#f0025){ref-type="fig"}D, E) of gefitinib-resistant cells. Proliferation was further reduced when these cells were treated with gefitinib. However, no further reduction in colony formation was observed. Nonetheless, these results suggested that p38α MAPK is essential to gefitinib-induced tetraploidization in gefitinib-resistant cells.Fig. 4Losmapimod overcomes gefitinib resistance in NSCLC cells. (A) Anchorage-independent growth assay in untreated gefitinib-resistant NSCLC cells (left, HCC827GR and right, H1975) and in cells treated with gefitinib, a p38 MAPK inhibitor (SB203580 or losmapimod) or a combination of gefitinib and inhibitor. Images were taken at 21 days and colony numbers with \> 200 pixels were quantified using the Image J software program. (B) Representative images from the anchorage-independent growth assay. (C) Cell viability assay was conducted using untreated gefitinib-resistant NSCLC cells (left, HCC827GR and right, H1975) and cells treated for 72 h with gefitinib (1 μM), a p38 MAPK inhibitor (SB203580 or losmapimod) or a combination of gefitinib and inhibitor.Fig. 4Fig. 5p38α knockdown prevents tetraploidization and inhibits gefitinib-resistant NSCLC cell growth. (A) Western blot analysis of p38α isoform expression in HCC827GR and H1975 cells transduced with p38α shRNA or empty vector (as a control). (B) Cell cycle analysis of untreated p38α shRNA-transduced cells (left, HCC827GR and right, H1975) or cells treated for 24 h with gefitinib (1 μM). Tetraploid subpopulations were analyzed by the ModFit LT V4.0 software program. (C) A cell viability assay was conducted in untreated p38α shRNA-transduced cells (left, HCC827GR and right, H1975) or cells treated for 72 h with gefitinib (1 μM). Results were normalized to corresponding parental cells. (D) An anchorage-independent growth assay was conducted in untreated p38α shRNA-transduced cells (left, HCC827GR and right, H1975) and cells treated with gefitinib (1 μM), a p38 MAPK inhibitor (SB203580 or losmapimod) or in combination. Images were taken at 21 days and colony numbers with \> 200 pixels were quantified using the Image J software program. (E) Representative images from the anchorage-independent growth assay.Fig. 5

3.6. Losmapimod Suppresses Tumor Growth in a Gefitinib-Resistant NSCLC PDX Model {#s0100}
--------------------------------------------------------------------------------

To further investigate the chemotherapeutic effect of losmapimod and its clinical relevance, we conducted *in vivo* experiments using an in-house generated gefitinib-resistant PDX model. Results showed that losmapimod alone or in combination with gefitinib markedly reduced gefitinib-resistant NSCLC PDX tumor volume and weight, whereas gefitinib alone had no effect ([Fig. 6](#f0030){ref-type="fig"}A-C). In addition, no changes in mouse body weight were observed, suggesting that toxicity was not associated with the different treatments ([Fig. 6](#f0030){ref-type="fig"}D). In addition, immunohistochemical analysis of harvested PDX tumors were conducted to evaluate the expression level of cyclin D1, p-p38 and Ki-67 ([Fig. 6](#f0030){ref-type="fig"}E, F). Our results showed that cyclin D1, p-p38 and Ki-67 were significantly reduced in both losmapimod-treated and groups treated with a combination of losmapimod and gefitinib compared with the vehicle- or gefitinib-treated group. These data provide strong evidence that losmapimod could be used as a promising candidate to overcome gefitinib-resistant lung cancers clinically.Fig. 6Losmapimod inhibits tumor growth in a gefitinib-resistant NSCLC patient derived xenograft (PDX) mouse model. (A) A tumor growth kinetic of untreated gefitinib-resistant PDX or tumors treated with gefitinib and/or losmapimod for 14 days. Tumor size was measured twice a week and calculated based on the formula: length × width^2^ × 0.5. (B) Tumor size and (C) tumor weight. (D) Body weight of mice during the experiment. (E) Cyclin D1, p-p38 MAPK and Ki-67 expressions and HE staining in xenograft tissues were assessed by immunohistochemistry. The integrated optical density (IOD) was evaluated using the Image-Pro premier software offline (v9.0) program. (F) Representative photographs of immunohistochemistry analysis for each antibody and each group are shown.Fig. 6

4. Discussion {#s0105}
=============

In this study, we have provided the first evidence that p38 MAPK activation could be involved in gefitinib resistance in NSCLC. We show that both p38 MAPK and phosphorylated p38 MAPK are overexpressed in NSCLC tissues compared with corresponding non-tumor tissues. Moreover, we showed that clinical samples expressing the EGFR T790 M mutation, a gefitinib resistant mutation, elevates p38 MAPK activity compared with samples expressing either EGFR wild type or EGFR L858R, a gefitinib-sensitive mutation.

EGFR is one of the most frequently mutated genes in NSCLC and tyrosine kinase inhibitors against mutated EGFR have shown dramatic clinical efficacy. Unfortunately, most of the patients eventually develop acquired resistance through different mechanisms. Here, we have determined that p38 MAPK phosphorylation is increased with gefitinib treatment in two gefitinib-resistant NSCLC cell types (HCC827GR and H1975), but not in gefitinib-sensitive cells. These two resistant cell lines represent the two most common TKI-acquired resistance mechanisms. HCC827GR cells have been reported to acquire resistance through MET amplification whereas H1975 exhibits a secondary T790 M EGFR mutation ([@bb0035], [@bb0065]). We also showed that treatment with a combination of gefitinib and losmapimod synergistically inhibited both cell proliferation and anchorage-independent growth in gefitinib-resistant cells. In addition, pharmacological inhibition of p38 MAPK using losmapimod also overcame gefitinib resistance in a patient derived xenograft model. This result suggests that p38 MAPK activation may act as a general gefitinib resistant signaling mechanism and is necessary for the survival of gefitinib-resistant cells.

The involvement of p38 MAPK in gefitinib resistance may be explained by its role in cell cycle checkpoints regulation ([@bb0015]). Recent research suggests that tumor cells with elevated genomic content, such as tetraploidy and aneuploidy, are associated with increased drug resistance and poor prognosis ([@bb0080]). Interestingly, our data demonstrated that a tetraploid subpopulation is induced after gefitinib treatment in both gefitinib-resistant cell lines. Different signaling pathways have been reported to be involved in tetraploidization. It is shown that YAP promotes polyploidy in hepatocytes and that YAP is also necessary for p38 activation ([@bb0185], [@bb0210]). Our results demonstrated that gefitinib could activate YAP, followed by MKK3/6-p38 MAPK and then STAT3 in both gefitinib-resistant cell lines. This finding is consistent with the findings of Chaib et al. who showed that co-activation of YAP and STAT3 signaling is an immediate response in lung cancer cells upon TKI treatment ([@bb0020]). However, the activation profiles, particularly p-YAP (S127) and p-p38 MAPK, and the amounts of gefitinib-induced tetraploid subpopulation between these two cells appear to be slightly different suggesting that these two cells may consist of different p38 signaling profile and efficiency. Another most studied mechanism is the p53 pathway ([@bb0155]). Prolonged p53-p21 signaling in G2-arrested cells may drive these cells into a tetraploid-G1 state and that G1-state tetraploidy is characterized by increased expression of the G1 marker, cyclin D ([@bb0105], [@bb0130], [@bb0135]). The p38 MAPK can activate and stabilize p53 by phosphorylation of the Ser15 and Ser392 residues ([@bb0050], [@bb0125]). Therefore, the p53 pathway might possibly be involved in the p38 MAPK-mediated tetraploid formation. Here, we also showed that both p21 and cyclin D1 expression and cyclin D1 mRNA level ([Supplementary Fig. 3](#f0045){ref-type="graphic"}) were up-regulated with gefitinib treatment in both gefitinib-resistant cells. We then treated both cells with either SB203580 or losmapimod to further explore the role of p38 MAPK activation in tetraploidization following gefitinib treatment. The addition of p38 MAPK inhibitors could inhibit phosphorylation of p38 MAPK and STAT3, but not YAP and MKK3/6, upon gefitinib treatment. Indeed, the phosphorylation of MKK3/6 were augmented suggesting a possible negative feedback mechanism. Moreover, both inhibitors could eliminate tetraploidization and repress expression of p21 and cyclin D1 expression induced by gefitinib treatment.

Recently, Vitale et al. showed that p38α is essential to generate tetraploidy in p53^−/−^ cells ([@bb0175]). Losmapimod and SB203580 have been reported to inhibit both the p38 MAPK α and β isoforms ([@bb0190]). To further validate whether the gefitinib-induced tetraploidy is isoform specific, lentivirus-based shRNA delivery was used to knockdown the p38α isoform in gefitinib-resistant cells. We showed that p38α knockdown could prevent tetraploidy formation and inhibit growth of gefitinib-resistant cells. Overall, we demonstrated that both HCC827GR and H1975 cells seems to survive the growth inhibitory effect of gefitinib through p38 MAPK-mediated tetraploidization and, most importantly, this process could be targeted by p38 MAPK inhibitors. Finally, to further translate our findings into clinical relevance, we utilized a gefitinib-resistant PDX model to predict the effect of losmapimod in overcoming gefitinib resistance. Our results clearly showed that a combination of losmapimod and gefitinib could effectively reduce gefitinib-resistant patient-derived tumor size. Immunohistochemistry analyses also showed that phosphorylation of p38 MAPK and cyclin D1 level were significantly inhibited in the group of co-administration of gefitinib and losmapimod. These data strongly indicate that losmapimod could overcome gefitinib resistance in NSCLC treatment.

There are few limitations in our study, for example the difference of losmapimod efficacy between *in vitro* and *in vivo* studies. Losmapimod alone could significantly suppress PDX tumor growth while it only showed efficacy at high concentration (\> 50 μM) in an *in vitro* assay ([Supplementary Fig. 4](#f0050){ref-type="graphic"}). Based on immunohistochemistry analysis, it is revealed that there was a high expression of phosphorylated p38 in vehicle-treated PDX tumors. This suggests that losmapimod might also have a potential as the sole agent to target NSCLC depending on the p-p38 MAPK profile. Therefore, a larger pool of PDX models could be used to precisely determine the potential use of losmapimod either alone or in combination with gefitinib in NSCLC patients, particularly gefitinib-resistant patients. Although we have shown here that p-YAP, p-MKK3/6, p-p38 MAPK and p-STAT3 and, ultimately, cyclin D1 transcript are up-regulated upon gefitinib treatment, specific inhibitors or siRNA to each signaling molecules should be used to validate this novel signaling pathway. In addition, since both STAT3 and p21 could regulate cyclin D1 transcription, the relationship between YAP-MKK3/6-p38-STAT3 and p53-p21 signaling has yet to be determined in future studies ([@bb0025], [@bb0085]).

5. Conclusions {#s0110}
==============

In conclusion, our study shows for the first time that phosphorylation of p38 MAPK is up-regulated in clinical NSCLC tissues, particularly in the presence of the EGFR T790 M mutation. In addition, we have demonstrated a role of p38 MAPK signaling in tetraploidization of gefitinib-resistant NSCLC. Using losmapimod, we successfully abolished gefitinib-induced tetraploidization and overcame gefitinib resistance in NSCLC both *in vitro* and *in vivo*. Overall, these data indicate that losmapimod could potentially be used as adjuvant therapy clinically to overcome gefitinib resistance, although further studies using larger cohorts of patients will be necessary.

The following are the supplementary data related to this article.Supplementary Fig. 1Gefitinib induces activation of p38 MAPK signaling in gefitinib-resistant cells. Western blot analysis of p-YAP, p-MKK3/6, p-p38 and p-STAT3 expressions in untreated gefitinib-resistant cells (left, HCC827GR and right, H1975) or cells treated for different times (between 1 and 10 h) with gefitinib (1 μM). Total YAP, MKK3, MKK6, p38 MAPK and STAT3 proteins were used as loading controls.Supplementary Fig. 1Supplementary Fig. 2Dose-response curve of gefitinib and losmapimod in gefitinib-resistant cells. Viability of gefitinib-resistant cells (red, HCC827GR and blue, H1975) was determined by MTT assay with different concentrations of gefitinib or losmapimod treatment for 72 h.Supplementary Fig. 2Supplementary Fig. 3Losmapimod inhibits gefitinib-induced Cyclin D1 mRNA expression in gefitinib-resistant NSCLC cells. Total RNA was extracted in untreated gefitinib-resistant cells (left, HCC827GR and right, H1975) or cells treated for 24 h with gefitinib (1 μM) or losmapimod (1 μM) either alone or in combination. Relative Cyclin D1 mRNA expression was evaluated by comparative RT-PCR. The endogenous control was GAPDH.Supplementary Fig. 3Supplementary Fig. 4Losmapimod inhibits anchorage-independent growth in gefitinib-resistant cells. Anchorage-independent growth assay in untreated gefitinib-resistant NSCLC cells (left, HCC827GR and right, H1975) and in cells treated with 25, 50 or 100 μM losmapimod. Images were taken at 21 days and colony numbers with greater than 200 pixels were quantified using the Image J software program.Supplementary Fig. 4Supplementary Table 1IC50 value of gefitinib or losmapimod in gefitinib-resistant cells.Supplementary Table 1Supplementary Table 2Combination index of gefitinib (1 μM) and losmapimod (1 μM) in gefitinib-resistant cells.Supplementary Table 2Supplementary MethodSupplementary material
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